
.“

‘t
)’I

TECHNICAL NOTE 2843

AUXILIARY EQUIPMENT AND TECHNIQUES FOR ADAPTING THE

CONSTANT-TEMPERATURE HOT-WIRE ANEMO~TER TO

SPECIFICPROBLEMS INAIR-FLOW MEASUREMENTS

By James C.LaurenceandL.GeneLandes

LewisFlightPropulsionLaboratory
Cleveland,Ohio

Washington

November 1952

AFMp,p “
-’ t’-:

TET9WV‘‘. ‘ : ~

—. ..- .- —- . . .,-, —... . . ---- —-



TECHLIBRARYKAFB,NM

IQ

v

“

NACATN 2843

In!llllllllll!flnlull
I?OL5L77

TABLEOFCONTENTS

.’ Page .

SUMMAR Y . . . . . . . . . . . . . . . . . . . . . . . . . . . ..1

INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . .

CONSTANT-~ HOT-WIREANEMOMETERANDAUXILIARYEQUIPMENT. 3
Constant-TemperatureAnemometer. . . . . . . . . . . . . ... . . 3
AuxiliaryEquipment. . . . . . . . . . . . . . . . . . . . . ..5.
Average-squarecomputer. . . . . . . . . . . . . . . . . . ..5
Supplementaryheatingcurrent. . . . . . . . . . . . . . . . . 6
DoWle-correlationcomputer. . . . . . . . . . . . . . . . . . 7

STANDARDIZATIONANDCAL18RATIONOFHOT-WIREPROBES . . . . . . . . 7
CalibrationFacilities. . . . . . . . . . . . . . . ... . ..8
WiresandMountingTechniques. . . . . . . . . . . . . . . . . . 8
HeatLossfromWires.... . . . . . . . . . . . . . . . . ..10

FLUCTUATIONMEASUREMENTS. . . . . . .
FundamentalDefinitions. . . . . . .
PeriodicPhenomena. . . . . . . . .
Frequencymeasurements. . . . . .
Velocityprofiles. . . . . . . . .
Compressorsurgeandrotatingstall

NonperiodlcPhenomena. . . . .“. . .
Iirbensityofturbulence. . . . . .
Spectrumofturbulence. . . . . .
Scaleofturbulence. . . . . . . .

. . . . . . . . . . . . . . I-2

. . . . . . . . . . . . . ./ I-2

. . . . . . . . . . . . . . 13

. . . . . . . . . . . . . . 14

. . . . . . . . . . . . . . 14

. . . . . . . . . . . . . . 14

. . . . . . . . . . . . . . 15

. . . . . . . . . . . . . . 35

. . . . . . . . . . . . . . 16

. . . . . . . . . . . . . . 16

APPENDms
A-

B-

c-

D-

E-

F-

G-

SYMBOLS. . . . . . . . . . . . . . . . . . . . . . . . ...18

THEORYOFAmGE-SQUARE COMpUTJIH. . . . . . . . . . . . . . 21

OPERATIONINSTRUCTIONS. . . . . . . . . . . . . . . . . ...22

CAIJ=ION OFELW2’1RO~CEQUIpMENT . . . . . . . . . . . . . 25.

REDUCTIONOFDATA. . . . . . . . . . . . . . . . . . . ...26

DERIVATIONOFEQUATIONFORINTENSITY. . . . . . . . . . . . 31

MEASUREMENTOFCOFWIIATIONCOEFFICIXNTANDSCALEOF
TURBULENCEB~TWO-WIREMETHOD.. . . . . . . . . . . ...33

REFERENCES. . . . . . . . . . . . . . . . . . . . . . .. . . ..34

. . ...— —. —— . . .. . .— .-——-. -



Page

TABms
I - HOT-WIREMATERIALSRATEDACCORDINGTO SOMEDESIRA81Jl

NACA& 2843

PHYSICAL

II - COMPARISON
METHODS

PROPERTIESANDAVAILABILITY... . . . . . . .

OFKIRE
. . . .

DIAMETEM
. . . . .

OBTAINEDBYTHREEDIFFIWHW
. . . . . . . . . . . . . . .

III, - coMPARABHmY OF HOT-WIREANEMOMETERPROBES . . . . . ● .

36
.

36
.

. 37

/

.

.

.

——. _ — —



‘ IQ

I-1

NATIONALADVISORYCOMMITTEE

AUXIZCARYEQUIPMENT

FORAERONAUTICS

TECHNICALNOTE 2843

AJIDTECHNIQUESFORKDAPITNGTHECONSTANT-

TEMPERmmE

By

HOT-WIREANEMOMETERTO SPECIFICPROBLEMSIN

A313-FIOWMEASUREMENTS

J&es C.LaurenceandL. GeneLandes

.,

..

SUMMARY

Theconstant-temperaturehot-wireanemometeramplifiersmdacces-
serieshavebeendevelopedtoprovidean instrumentwithwidefrequency
response,goodstability,andeaseofoperation.”Auxiliaryequipment
hasbeendevelopedtoprovideheatingcurrentsforlargeties, tomake
average-squarecomputations,andtomakedouble-correlationcoefficient
measurements.

Techniquesaredescribedforusingthisequipmentto studyperiodic
phenomenasuchas surge,rotatingstall,andwakesurveysincentrifugal-
andaxial-flowcompressors.Theapplicationoftheequipmenttothe
studyofnonperiodicphenomenasuchas intensity,scale,andspectraof
isdtropict&bulenceisalsodiscussed.

Heat-lossdata
wirecalibrationis

forstandardizedtungstenwireprobes
necessaryifaccuraciesof+5 percent

showthatno
aresufficient.

INTRODUCTION

Theproblemsassociatedwiththeevaluationofcompressorandtur-
bineperf&mance,aswellastheflowfluctuationsin c-&bustionphenom-
ena,areof sucha naturethata knowledgeoftheinstantqeousflow
patternsis of considerableimportance.Thesemeasurementsinmanycases
arebeyondtherangeofconventionalmeasuringinstrumentsbecauseofthe
limitationsoffrequencyresponse.Measurementsofthistype(compressor
surgeandrotatingstall,bladewakevelocityprofiles,vortexshedding
frequencies,andassociatedphenomena)aremostreadilymadeby meansof
hot-wireanemometers. .

.— –-— ——— --–—-— -- ———- ——-— .— —. ——. - - -



2 NACATN 2843

Theadvantagesanddisadvantagesofoperatinghot-wireanemometers
at constantcurrentandat constantresistance(temperature)havebeen
discussedby severalwriters(references1 to 3).

Theprincipaladvantagesoftheconstant-temperaturesystemareas
follows: (1)Itprovidesa continuouslyvaryingfeedbackvoltagewhich
operatesthewirewithcontinuouscompensation,(2)it canbe usedfor
largemass-flowfluctuations- over100percentofthemeanflow,(3)in
instanceswherethereisa suddendecreaseinflowthereisno dangerof
wireburnout.Theproblemsofair-flowfluctuationsassociatedwith 3 ‘,
compressors,turbines,combustionphenomena,andsoforthUSwllyinvolve E
flowchangeswhicharelargewithrespecttomeanflow.ExperienceShOITS
that thefluctuationsfoundin jet-engineresearchareusuallylarger
than1 to 2’percentandhencethemaindisadvantageoftheconstant-
temperaturehot-wireanemometer,itsrelativelylargeinputnoiselevel,
is urdmportmtinmeasurementsofthiskind.

An amplifierdesignincorporatingtheseadvantageswasproposedin
reference2. Thisanemometeruti~zesa constant-temperaturefeedback
systememployinga verystabletiect-coupledamplifierofwidefrequency
response.Instrumentsbuiltaccordingtothisdesignareinoperationat .

theNACALewislaboratoryandhavebeena~liedtothemeasurementof
fluctuatingflowsof severalkinds.

As in constant-curr&nthot-w5reanemometry,itismostoftencon-
venientto studythesignalfromthehotwire(aftercompensationand
amplification)onthecathode-rayoscillo~aphscreen.~ thefluctua-
tionpattern-showsnoperiodiccomponents,theanalysisoftheflowis
usuallyconductedonthebasisofthestatisticaltheoryofturbulence.
Iftheoscillo- hassomeperiodiccomponents,theabsolutemagnitude
oftheflowchangesismostoftenof interest.

InthestatisticaltheoryofTaylor(reference4),theintensity,
thespectrum,andthescaleofturbulenceareof importance.In order
to studytheintensityofturbulence,usuallydefinedastheroot-mean-
squarevalueofthevelocityfluctuations,anaverage-squarecmnputerwas
developed.Thisinstrumentutilizesan electroniccircuittogivea
meterreadingwhichisdirectlyproportionaltotheaveragesquareof
theinputvoltageregardlessofwaveformwithinitsfrequencylimits.

Ifthevelocityfluctuationsattwopointswithintheflowareto
be compared,thestatisticaltheorymakesuseofthecorrelationcoeffi-
cienttodefinethescaleofturbulence.Thesemeasurementsarefacili-
tatedby useofan electroniccircuitwhichgivestheratiooftheaver-
agesquaresofthesumsanddifferencesofthesignalsfromtwohot
wires.

——
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thefrequency-responserequirementsarenottoogreat,wiresof
diametercanbe usedininstallationswheredirt,oil,orother
particlescauseexcessivewirebreakage.Large-diameterwires “
largerheatingcurrentsforoperationthanthecomnonlyused

0.0002-inchwires.Sincetheconstant-temperatureamplifiersused
sup@y,atmost,approximately150milliamperesofcurrent,anauxiliary
direct-currentsupplyisusedwhichsupplementstheelectronically
controlledsupply.

Innormaluseofhot-wireequipmentinrotatingmachinery,experi-
encehasshownthatwiresaresubjecttofrequentdamage.Theindividual
calibrationforheatlossbecomesexpensiveandtimeconsuming.Thus,
oneoftheprticipalaimsofthisworkwasto standardize,tiofaras
possible,theequipmentdescribedinorderthatmeasurementscouldbe
madewitha minimumamountofwirecalibration.Itwasnecessaryto
investigatetheheat-lossdatafromwiresintherangeofMachnuniber
and.Reynoldsnunberwhicharenotfoundintheliterature.Reference5
showstherangeswhichhavebeencoveredforwiresincrossflow..
Accordingly,theresultsintheI@chnumberrangeO to0.3andReynolds
nuderrange4 to 64basedonwirediameter,free-streamdensity,and
filmtemperatureareptili$hedherein.Someadditionaldataonthe
effectoftemperaturedifferencebetweenthewireandthestreamonthe
heatlostby thewireareaho included.

CONSTANT—~ HOT-WIREANEMOMETERANDAUXDLARYIIQUIPMENT

Constant-TemperatureAnemometer

Manyofthetransientphenomenastudiedby thehot-wireanemometer
areofhighfrequency- severalthousandcyclespersecond.Forexample,
bladewakepassagesincompressorsandturbinesrepresentfrequencies
ashighas 10,000cyclespersecondwithassociatedfrequenciessev=al
timesgreater.Consequently,a desirablecharacteristicofa hot-wire
anemometerisa frequencyresponsqintherangeof30,000to
40,000cyclespersecond.Conventionalconstant-currenthot-wire
anemometersseldomexceed10)000to 20,000cyclespersecond.

Thecomponentsofthehot-wireanemometerwhichdeterminethe
frequencyresponsesretheamplifier,thebridge,theconnectingcables,
andtheprobes.Thecontributionofeachofthesefactorsinthesystem
tobe describedwillbeexplainedinthefollowingparagraphs.

Thesqlifierusesa verystable,direct-coupledcircuitdescribed
inreference2. A photographoftheamplifierisshowninfigure1;its
schematictiagpamisgiveninfigure2 anditsfrequencyresponse,in
figure3. Thisfigureshowsan essentiallyflatresponsefromtiect
currentto 80,000cyclespersecond.

.— . . . . . ———— ——— .— ————— — -—- --—-—-



4 NACATN 2843

Thedifficultyof compensatingforthe@ inresponseofa hot
wireisdueto thefactthatthetimeconstsmtisa functionoftheflow
conditionsaswellas ofthephysicalpropertiesofthewire. Forthis
reasontheamplifierdescribedisoperatedwithnegativefeedbackthrough
a bridgecircuittoprovideinstantaneouscompensationforthevarying
wiretimeconstant.Figure4 shuwsthetheoreticalrelationbetweenthe
wireresponseandthevoltagetobe fedbackto insurecorrect
compensation.

To insurecorrectoperationoftheampMfier,itwasriecessaryto
designaWheatstoriebridge(inwhichthewireisoneofthearms)which
wouldnotcauseinstabilityintheamp13fierandwouldhavea flatfre-
quencyresponsetoat least50kilocyclesandpreferablymuchhigher.
Thebridgewasconstructedas showninfigure5. Thisisa fixed-ratio
bridgewhichisusedinthenegativefeedbackloopoftheamplifierto
keeptheoperatingresistanceofthehotwireconstant.

Theresistorsusedinthearmsofthebridgearea specialtype
withan hnpedancethatdoesnotvaryoverthefrequencyrangefrom
directcurrentto200kilocyclespersecond.-Bridgeshavebeenmade
withresistorswhichhavea smallerfrequencyrangeoverwhichtheir
@edance is constantwithfrequency,butforsuchbridgestheconnecting
cablesmustbe shorter.

Thegeometryofthebridge,inadditiontotheinductanceofthe
resistors,wasfoundto affectitsresponse.Ingeneral,a symmetrical
arrangementwasfoundbest. Thewiresusedtomakeconnectionswithin
thebridgewerecarefullym.tchedasto lengthandresistance.Eachof
thegroundconnectionswasbroughtoutdirectlytoa singleterminal
whichcouldbe groundedwhereverdesired.

Thecablesaremadeofcoaxialcablewitha capacitanceof 13micro-
microfsmdsperfoot. Inthepresentdesign,becauseofcablecapacitance,
thelengthis limitedto 15feet.

Theunbalancedvoltagefromthebridgecanbe observedatdistances
upto 100feetfromthebridgeby meansofthesame.typeofcoaxial
cablewithoutapparentdifficulty.Thereadingofthebridgecurrentat
thesamedistance,100feetfromtheamplifier,waaobtainedby wiring
a precisionl-ohmresistorinserieswiththebridgecurrentmeterand
observingthepotentialdropacrossthisresistorby meansofa voltmeter
andcoaxialcable.

‘1

.

Theshieldingofbridge,cables,andprobesis importanttominimize
60-cyclepickup.Adequate~oundingat severalpointsintheinstrument
layoutandshieldingof couectorsareofhelpineliminatingthis
extraneoussignal.
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In ordertopreventinstabilityintheamp~ier,whichuspally
leadstowireburnout,somealterationsintheconventionalprobedesign
werenecessaxy.Sincethedistributedcapacitanceoftheleadsfrom
bridgeto amplifierandfrombridgetoprobeis quitecritical,itwas
foundnecessaryto stistitutecoaxialcableforthecustomaryleadsas
wellasfortheinternalleadsoftheprobeitself.Theprobe,shown
infigure6(a),isa low-temperatureprobewiththemaximumtemperature
towhichit canbe exposeddeterminedby themeltingpointofthe
polystyreneinsulation(about180°F) inthecoaxialcable.Theresult
oftheuseofthecoaxialcableintheprobewasa decreaseinthe
capacitanceoftheconventionalprobeby a factorof 10. It ispossible
to usewireswithdiametersas smallas0.000125inchmountedonthese
probes.

Thedesignofa probeforuseunderconditions”of@ient tempera- ,
turemuchhigherthan180°F is showninfigure6(b).Inthisprobe
thecoaxialcableisreplacedby a ceramicinsulatorwitha singlewire
throughitscenter.TheInconelttieitselfisuqedforthesecond
conductor,whichisgrounded.Thecapacitanceis,of course,greater
thanthatoftheprobeoffigure6(a),butitis stilllow
operationwithwiresofsizedownto 0.000125inch.Since
connectionsaresilver-soldered,thisprobecanbe usedat
temperatures.

In’manytypesofrotatingmachinery,thedirectionof

enoughfor
allprobe
high

thefluctuat-
ingairstreamisgenerallyaxialandparallelto cylindricalsurfaces.
Inthesecircumstancesa wiremountedparalleltotheaxisoftheprobe
isdesirable.A sketchofsucha probeisshowninfigure6(c).

Measurementsofthefrequericyresponseofthecompletesystem
(amplifier,bridge,cables,andprobe)weremadeas indicatedinfigure7.
Thesmallbridgeunbalsmceplottedinfigure8 isfatil.yconstantto
40,000cyclespersecond,whichisthelimitofflatresponseofthe
anemometer.Thisfigureindicatesthatthevoltagefedbackcompensates
forthelaginwireresponseup to 20,000cyclespersecond.Further
changesinthecurvebeyondthispointareprobablyduetophaseshift
intheampMfier.

AuxiliaryEquipment

Average-squarecomputer..-Inturbulencemeasurementsthehot-wire
‘ signalsusuallyarenonsinusoidalandmaybe nonrepetitive.An ordinary

voltmeterthereforewillnotcorrectlymeasuretheaverage-squarevalue
. ofthesesignals.Althougha thermocouple-typevoltmetercouldbe used,

itcannotwithstandoverloadssuchastransientturbulencemightintroduce
anditdoesnothavesufficientrange.Hencean electronicaverage-
squarecomputerwasdeveloped.Theprincipalrequirementofthisccmputer
is
10

tomakeaverage-squaremeasurementsofaperiodicsignalsvaryingfrom
millivoltsto 3 volts.

@

.— .. .—— —.. -
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By theuseoftwottieswiththeirplatecircuitsconnected
push-pull,as shownintheblockdiagrsmoffigure9,thestatic
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..
in
direct-

currentcomponentmaybe balancedout. Ithasbeenshown(reference6) .
thatforsomevacuumtubeshavingeffectivelycoplanarcontrolgritk,
thereisa changeofdirect-currentcomponentofplatecurrentpropor-
tionaltotheproductofthecontrol~id voltagesandthecosineof
theirphaseangle.Thevacuumtubeswillsaturateduringoperationso
thata direct-currentvoltmeterwhichisusedtomeasuretheoutputwill
be protecteddu+g overloads.Sincea direct-currentmeteris usedin
theoutput,alternating-currentcomponentsoftheplatecurrentcanbe ~
ignored.Ifthetwocontrol~id voltagesareinphaseforbothtties,
thed3rect-currentcomponentofplatecurrent,proportionaltothe

N

square,willbe canceled.Therefore,thesegridvoltagesarefed180°
outofphaseforoneofthetubes.Thesquaredoutputisthenmerely
twicethevalueforonetube. (SeeappendixB. Thesymbolsusedin
appendixB andelsewherethroughoutthereportaredefinedinappendixA.)
A detailedschematicdiagramofthecomputerisshowninfigure10.

Thefrequencyresponseofthecomputerisflattoappro-tely
2 percentfrom10to 20,000cyclespersecond(seefig.11). Itsaccuracy
isbetterthan2 percentoffullscaleforall.rangesexceptthetwo
lowestdecades(amplifiernearmaximumgain);theerrorforthetwo
lowestdecadesis lessthan4 percent(seefig.12). Oncethecomputer
hasbeenstabilizeditwillremainzeroedtowithin1 percentoffull

.

scaleforseveralhours.

Supplementaryheatingcurrent.- Theconstant-temperatureanemometer
describedinthisreporthasa m@nmm usablecurrentoutputof 150mill.i-
amperes.Anauxiliarydirect-currentsupplymaybe usedto supplement
thiscurrentifthemass-flowfluctuationsarenotso largecomparedwith
themeanvaluethatdecreasesinmassflowwouldleavethewireover-
heatedby thesupplementarycurrent.A batterypowersupplyisusedfor
thisapplicationbecauseof itslownoiselevelandsimplicityofoper-
ation.To preventloadingeffectsonthebridge,it isnecessarythat
thesourceimpedenceoftheexternalsupplybe largecomparedwiththat
ofthebridge.Theseriesresistors(fig.1.3)performthisfunctionas
wellasprovidinga meansofcurrentcontrol.

Theoutputoftheatiliarycurrentsupplyisconnectedinparallel
withtheoutputoftheconstant-temperaturehot-wireanemom&ter.(For
operatinginstructions,seea~endixC,AuxiliaryCurrentSupply.)

Thismethodofoperationhasbeensuccessfullyusedwithplatinum-
iridiumwires0.001inchtidiameterand0.1inchin length.Thewire
wasoperatedwithcurrentsfrom150to 250milliamperes(approxirmtely
1100°F). Forthisoperation,overone-halfthecurrentwassuppliedby
theexternalsupply.

.

.,

——.
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Double-correla.tioncomputer.- Inordertostudythevelocity
fluctuationsattwopointswithinanairstream,a double-correlation
computerwasdesignedwhichgivesa meterreadingindicatingtheratio
oftheaveragesquaresofthesumsanddifferencesoftheoutputsfrm
twohot-wireanemometers.Sincetheaverage-squarecomputerperformsa
partofthisoperationitwasrequiredtotakethesumandthediffer-
enceandtheratioofthesumsanddifferences.Theaddingcircuitis
a twin-triodetypeofmixingcircuit(fig.14)withcalibratingpoten-
tiometersat theinputs.Thedifferencecircuitutilizesthesame
principleexceptthatoneoftheinputsmusthaveitspbse reversed.
Thisfunctionisperformedbya triodeamplifieroperatingwithnearly
1~ percentnegativefeedback.Whenallfourcircuitsareadjustedto
havethesamegain,thecalibrationis completeifidenticalsignals
fedintothesumcircuitgivean outputtwicetheinput(actuallythe
SUIIIoftheinputs)andthosefedintothedifferencecficuitgivea min-
imumoutput(anullsettingforeithergaincontrol).Detailsofthe
completecircuitaregiveninfigureI-3.

A direct-currenttypeofratiometerisusedtomeasuretheratio
oftheoutputsfromtwoaverage-squarecomputers.Thedouble-correlation
apparatusisusedinconjunctionwithtwohot-wireanemometersfor
obtainingthescaleofturbulence.Therestingoftheratiometermay
be usedinequation(G7)(seeappendixG)to obtainthecorrelation
coefficientandthescaleofturbulencecanbe calculatedonthebasis
ofthestatisticaltheoryofturbulence.

Theaccuracyoftheunitisprimarilya functionofthegainofthe
amplifiers.Thisgainisconstanttoapproximately10percentfrom
10to 20,000cyclespersecond(fig.16). Sincethevacuumttiesare
operatedat lowlevelsandthereforeonthelinearportionoftheir
characteristiccurves,thevariationofgainwithdifferentamplitudes
of inputsignalisnegligible.An experimentalplotofthisdeviation
isshowninfigure17.

STANDARDIZATIONA.110CAL18RATIONOFHOT-WIREPROBES

Thesensitiveelementinthehot-wireanemometerisa finewire
(tungsten,platinum-iridium, nickel)whichmustbeproperlymountedona
probeforsupportandthencalibratedforheatlossinanairstream.
In orderto standardizethemountingandcalibrationofthese@es, a
pro~amwasplannedto investigate:

(1)TheeffectofMachnmiberandReynoldsntier ontheconvective
heatlossfortherangesnotpreviouslyptilished(refer-
ences5, 7,and8)

..
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(2)

(3)

(4)

(5)

o

Therepeatabilityof calibrationoftungstentie probeswith
continueduse .

Theuniformityof calibrationoftungstenwireprobes

Theend-losscorrectionsto compensateforconductiontothe
prongs

Theeffectoftemperaturedifferencebetweenthewireandthe 3
airst~eamonthecalibrationofthewires :

CalibrationFacilities ● ,,

A speciallydesignedlow-turbulenceductwasbuiltforuseinthis
investigationandforfuturehot-wirecalibrationwork. Thetestsec-
tionhasa squarecrosssection3.6by 3.6inchesandextendsfora

.totallengthof40 inches.Thistestsectionisprovidedwithexpandable
walls,removableinletscreensofvariousmeshsizesysfatic-presswe
tapsalongthewalls,anda ntier ofteststationsonallsidesforthe
insertionofprobes.Windowsareprovidedfortheuseofschlieren \

apparatusandan interferometer.

Theplenumchsaiberhasa smoothexitconethroughwhichtheairis
.

acceleratedtothetest-sectionentrance.
,’

Locatedinthischanberare
a filter,consistingofa thicklayeroffeltwhichremovesdirtpar-
ticleswhichmightbreakthewires,andalsofivescreensto smoothout
theairflow.

Anotherfilteris includedintheairlinesaheadoftheplenum
chamber.Thefunctionofthisfilteristheremovalof largepiecesof
pipescale,oilparticles,andsoforth.

TheMachnunberandmass-flowrangesatthetestsectionwereO to
0.8andO to 130poundspersquarefootpersecond,respectively,and
thetemperatureofthesupplyaircouldbevariedfrom-20°to 130°F.

WiresandMountingTechniques

Theselectionofa hot-wirematerialfora giveninstallationis
governedbytemperaturecoefficientofresistance,tensilestrength,
temperatureatwhichoxidationoccurs,timeconstantofthewire,and
avai~bilityofthematerial.TableI isa comparisonofthecomonl.y
usedmaterialsratedaccordingtotheseproperties.Mostofthesemate- .
rialscanbe drawntoapproximately0.0004-inchdiameter.Forsmaller
diameterwires,however,etchedtungsten,andWollastonprocessed
platinum,platinum-iridium,andnickelareavailable.Exceptfor
lowresistanceto oxidation(seriousabove600°F),thefavorable

its .
rating

——.—
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oftungstenintableI showsittobe a desirablemterialforhot-wire
anemometryandthereforethemostfrequentlyusedmterialforlow “
mibienttemperatures.Forusewhereaibienttemperaturesarehigh,
platinum-iridiumismostsuitable.

Thepropermountingoftungstenwiresisaccomplishedbyco~er-
platingtheendsofthewireatthepointswherethesolderingisto
takeplace.Thistechnique,originatedbytheNationalBureauof
Standards(reference9)andimproveduponlater(reference10),makes
itpossibleto soft-solderorsilver-solderthewiresto theprongs.
Allotherwirematerialsctibeeasilysoft-solderedorsilver-soldered.
An initialtensioncanbe appliedtothewireby a springdeviceas
describedinreference7,orby a weighthungonthewirebefbreitis
fastenedto theprongs.

Ofthemethodsusedtomeasurethediameteroftheverysmallwires,
onlytwohaveprovedsatisfactory:(1)photomicographyofthew3rewith
theelectronmicroscope,and(2)calculationofanaveragediameterbased
ontheresistanceofa givenlen@hofthewire.

SinceR = u2/S,itispossibleto calculateanaveragediameter,
assuminga circularcrosssectionandusinga valueoftheresistivity
foundintheliterature.Thediametersofsomelargerwireshavebeen
measuredby meansofa measuringmicroscope.Theresultsofthese
measurementsarefoundintsbleII.

Theproblemof obtainingstandardizedprobeswitha moreuniform
coldresistanceanda predictablecalibrationcurvewasthestijectof
muchexperimentation.Ithasbeenfoundthatofallthevariables
encounteredinprobefabricationthemostdifficultoneto controlis
thewirediameter.Thesizesoftungstenwhichhavebeenused- 0.0002,
0.00014,and0.000125inch- areproducedby etchingdrawnwireof
0.0004-inchdiameteruntilthedesiredsizeisobtained.Thesupplier
oftheme usedforthesetestshasbeenunableto controlthediameter
ofthewireproducedbythismethodtobetterthan@ to =k10percent
exceptby carefulselection.Themostcarefulselectionandcontrol
stillresultina variationofdiameter(checkedby thesecondofthe
twodescribedmethods)of =&percent.Electronmicro~aphsofetched
tungstenwixesareshowninfigure18..Inthisphoto&raph,samplesA
andC arewireswhicharebeingusedatpresent,whereassampleB was
recentlyobtainedfromanothermanufacturer.Thediametersasreported
by themanufacturerofssmplesA andC werecalculatedfromtheresist-
anceofa givenlengthofthewireandareinconsiderablevariation
fromactualmeasurementstakenfromtheseelectronmicrographs.Since
thediameterenterstheReynoldsnunibercalculations,theordinaryprobes
maybe expectedto showa variationofabout10percentin calibration.

.— —–— —— ——.—— ––..–—-
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Othermethodsofproducingfinewireshavebeenconsideredand
willbe thesubjectoffurtherresearch.Twoofthesearetheelectro-
polishingtechnique(reference11)andtheevaporationmethodtnwhich
metalisevaporatedfrom-thesurfaceofthewireina vacuum.Either
orbothofthesemethodspromisea morerigidcontrolofwirediameter
thantheetchingprocessandfurtherworkwillbe doneto establishthe
feasibilityof&nufacturingwiresby thesemethods.

HeatLossfromWires

Theconstantresistancemethodofoperationwas
calibrationtests.Inordertomaintainthewireat
resistance,anautomaticbalancingKelvinbridgewas

usedforallwire
a constantmean
constructedwhich

reducedthedata-takingtimeconsiderably.Inallcalibrationrunsthe
resistanceofthewirewassoadjustedthattheaveragetempmatureof
thewirewasintherange500°to 600°F exceptforthoserunsinwhich
theeffectoftemperaturedifferencewasbeinginvestigated.

Themethodsofevaluatinghot-wiredata(calculationofI?usselt,
FYandtl,andReynoldsnumbersusedinthegraphspresented)werethe
sameasthoseusedinreference7. Forexample,thermalconductivity,
viscosity,andspecificheatat constantpressurewereevaluatedatthe
filmtempmture,whichisassumedtobe thearithmeticaverageofthe
wirerecoveryt~eratureandthewireoperatingtemperature.The
density,however,wascalculatedat thefree-streamstatictemperature
andstaticpressure.Refere~ce7 containsa verycompletediscussionof
themethodsusedinevaluatingthedataaswellasthemethodforcor-
rectingthedataforendlossestotheprongsby conduction.

Thedatafora long-e (Z/d=2500,effectivelyinfinite)is
presentedina seriesofcurvesgroupedto showtheeffectofMachnum-
ber,theeffectoftemperaturedfiferenceonthecalibration,anda
comparisonwithdatareportedby otherinvestigators.Correctionsfor
endlosseswerenegligibleforthesedata.Figure19givesconventional
calibrationcurvesforhot-wireanemometeruse. Thesecurvesshowquite
clearlytheinfluenceofMachnuriberandtemperaturedifferenceonthe
heatlostby thewiretotheairstreamandagreeverywel.1withthe
datareportedinreference7 aswellaswiththedatareportedby McAdams
(reference8)withinthe13mitsofuncertaintyofthewireWameter.

An equationfortherelationamongReynolds,Nusselt,andPrandtl
nunibersa{ a Machnumiberof0.3
(fig.19(b))iS

N?
3=Prf

anda &e-temperatureof”343°F

0.21+ 0.57Re0.5 (1)
.

.
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Whenthisequationisconsideredasanaverageequation
Machnuniberandwiretemperature,themaximumdeviation

u

fortherangeof
ofa datapoint

infigure19isabout+7percent.ForthesamerangeofReynoldsnum-
ber,McAdams(reference8,p. 222)recommends

NI+
= 0.35+0.47Re0”52 (2)~rfo.3

Figure20 showsthecomparisonofallthedatapointsinfigure19with
equation(2). Theprobesusedforthispartoftheinvestigationwere
notconventional,sincethe Z/d wasverylarge.

Heat-lossdataforconventionalsizehot-tieprobes(Z/d=400)
areshowninfigures21and22. Figures21and22alsoshowtheeffect
ontheheat-lossrateofthetemperatureU.fferencebetweenthewire
andtheairstream.Becauseofthelowervalueof Z/d,thesedataare
correctedforendlossesby themethoddescribedinreference7. The
dataarepresentedintwodifferentplotsbecauseoftheusefulnessof
theinformation.Thus,infigure21 it ispossibleto selecta calibra-
tioncurvecorrespondingtoa temperaturedifferenceencounteredina
testingsituation.Forexample,iftherecoverytemperatureis200°F,
an operatingw&e temperatureof300°F or~eaterisneededtoprovide
adequatesensitivity,andtheappropriatecalibrationcurvecanbe chosen
fromthisfigure.Inlikemanner,figure22 showstypicaloperating
curvesforstandardizedprobesandiSW@Ul h dete~ ~ op~at~
currentnecessaryto obtaina desiredtemperaturedifference.

Theresultsofa controlledexperimentononegroupofsixprobes
areshownintableIIIandfigwe 23. Thisandsimilarexper~ntshave
establishedthatthecalibrationofthestandardtungstenhot-wireprobe
canbe predictedtowithin+5 percent.Inmanyinstancesthisdegree
ofaccuracyissufficientiftheothervariablesinvolveerrorsat least
thatlarge.Ifthisdegreeofaccuracyis sufficient,thecalibration
procedureisthusreducedtoa singleresislxmcemeasurementat a down
temperature.Thiscanbea measurementwithno flow. Onewordofcau-
tion,however,shouldbegiven.Theremaybe variablesinanygiven
testingsituationwhich,ifuncontrolledorunspecified,mightcause
largeerrorswhenthestandardcalibrationcurveisused. Thus,ifthe
directi&atwhichtheairstreamcrossesthewireisdifferentfromthat
inthecalibrationsetup(usuallynorn@ltothewire),theuseofthe
calibrationcurvewillresultinerrors.Inmanyty&s ofrotating
machinerythedirectionoftheairstream,particularlyduringflow
fluctuations,isdifficulttopretict.Inthiscasea probeshouldbe
used(fig.6(c))whichwillensuethatthemjor fluctuationsofthe
airstreampassnormaltothewire.

— —...— — —. ————- —–.——. -——-
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Evidenceis
correctionfora

,

presentedinfigure24whichshowsthattheend-loss
standardprobeisnotsufficienttobringtheheat-loss

curveintoagreementwiththatofa wireinwhichtheendlossesare .
negligible.At presenttheexplanationofthisdiscrepancymaybe that
thelackofknowledgeofwirediameteriscaus~ thedisagreement.Ip
experimentsusinglargerwireswherethediameteriswellknown,the
correctionis sufficienttobringthetwocurvesintoagreement.The
experimentwhichresultedinthisdatawasas follows:Heat-lossdata
fora stambrdhot-w5reprobewitha length-to-diameterratioof400were
obtainedintheusualmanner.Thedatawerecorrectedforendlossesto 3
theprongsby twomethods(references7 and12). Heat-lossdatawere

N

obtainedfora speciallybuiltprobewherethelength-diameterratiowas
2500.Figure24 showsa comparisonofthedataobtaindfortheseprobes.

FLUCTUATION~S

FundamentalDefinitions
.

Twoparametersofprti importanceinthestatisticaltheoryof
turbulencearetheintensityand-thescaleofturbulence(reference13). .
Theintensityoftwbul.enceisdeftiedasthemtio oftherootmean
squareofthevelocityfluctuationstothemeanvelocity.Thus,if u,
v,and w arethecomponentsofthevelocityfluctuations,

.

. L~Intensityindirectionofflow= ~

!MIntensitynormalto directionof”flow= ~

G-Intensitynormaltodirection’offlowandnormalto v = ~

In isotroyicturbulence,~ = 7=7.

Thescaleofturbulenceis&finedfromthecorrelationbetweenthe
velocityfluctuationsattwopointsintheairstream.Fromthestatis-
ticaldefinitionofthecorrelationcoefficient,

‘x=Eli) 9 (longitudinalcorrelationcoefficient)

(
\ (3)

S?y= Uy,luy,2

AEAIZ

(lateralcorrelationcoefficient)
J
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.

‘b)
o-l

Fromthesetwovalues,thelongitudinalscaleandlateralscaleare
definedas

J’mLX= S&xdx (lotiituMnalscale)
o 1

90
Inhot-wiremeasurements,thevalueofthescaleas definedhere

canbe obtainedby measurementsofthecorrelationcoefficient.This
methodrequiresthesimultaneousmeasurementofthevelocityfluctua-
tionsattwolocationsbymeansofa multiple-wiresetup.

o
As showninreference14,itispossibletorelatethelongitudinal

scaleto theenergyspectrumofturbulence.Thif3relationtakesoneof
twoforms,dependinguponthemethodusedinmakingthespectrum
measwements.Ifanappropriatelow-passfilteris usedh conjunction
withtheaverage-squarecomputer,

,-

%

where ~,h istheenergyinthe—

thisrelation

21’r~rlh*-1
u

spectrumfrom

is

(5)

zerofrequencyto ~,
2 isthetotalenergyinthespectrumthecut-offfrequency;and ~

whenallfrequenciesarebe~ passedby thefilter.Butifa band-pass
filterisused,therelationbecomes

(6)

= istheener~”perunitfrequencyintervalata discrekewherenow ~

frequencyn and ~ isagainthetotalenergyintheturbulence
spectrum(theareaunderthecurve). .

PeriodicPhenomena

Figure25 showstypicalblockdiagramsofhookupsofthehot-wire,.
anemometerandsuitableelectronicequipmentforrecordingor observing
theperiodicphenomena.

,. ._ .—.=——.—.——. —— — -. —
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Frequencymeasurements.- Periodicfluctuationsinairflow,such
as vorticesshedby cylindersandflameholders(referenceI-5),blade
wakesinrotatingmachinery(compressorsandturbines),andsofo~th,
canbe studiedby meansofthehot-wireanemometer.Forthesemeasure-
mentstheapparatusconnectionsareshowninfigure25(a).Theperiodic
phenomenonunderstudyispickedupby thehotwireandtheamplifier
outputisplacedonthecathode-rayoscilloscopey-axisamplifier.A
standardaudiooscillatorisconnectedtotheoscilloscopex-axisampli-
fierandthefrequencyoftheperiodicsignalisgivenby theresulting o
Lissajousfigureformedonthescreen.

4coN,

Thesignalfromthehot-wireanemometercanbe ledtoa frequency
meter,whichgivesthefrequencydirectly.Thishasnot,ingeneral,
tendedtobe as satisfactorya procedureasthemethodusingthe
Lissajousfigures. v

Velocityprofiles.-A surveyofwakesfromvariousshapesofcen-
trifugalcompressorbladecanbeobtainedbyuseofa hot-w&eanemom-
eter.-‘The&e maybe placedat chosenpositionsattheexitofthe
impellerto obtainthevelocityprofiles(actually,massflow).

Ablockdiagramofatypicalsetupisshowninfigure25(b).The
decadeamplifierservesthedualpurposeofpreamplifierandisolation
amplifierattheanemometerlocation.Thisservesto isolatetheane-
mometerfromthelonglineto thecontrolroomwheretheoscilloscope
andrecordingcameraarelocated.A variable-frequencyelectronicfilter
isusedto eWninateunwantedcomponentsofthissignal.Sincethe
frequencywithwhichthebladespassthewireisabout1000cyclesper
second,frequenciesbelowa fewhundredcyclesarenotofmuchinterest.
Theexternalsynchronizingsignalisprodu~edbya smallpermanent
magnetandcoilmountedneartherotorshaft.Thispermitstheviewer
to seeonlya fewbladepassagesforeachrevolutioninsteadofallthe
passages.

.
Evaluationofthedatawillrequirethefollowinginformation:over-

allinstrumentationgain(seeappentiD),alternating-currentoutput
voltage(recordedonoscilloscopecmnera),direct-currentbridgecurrent,
andbridgeuibalance.Otherinformationtobe obtainedshouldinclude
thesizeofthebridgeresistorsandthecoldresistanceofeachwire
used.Thisinformationmaythenbeusedto computemagnitudesofblade
wakes(seeappendixE) ifaccuraciesof+5 percentareadequate.

An oscillogramofseveralbladewakesina centrifugalcompressor
isshowninfigure26. Theevaluationofthistraceisexplainedin
appentiE.

Compressorsurgeandrotatingstall.- Thestudyof surgeand
rotatingorpropagatingstallincompressors(reference16)involvesthe

.

—
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measmementofthefrequencyofthestall.and
flowchanges.Inthesestudiesthemass-flow
100percent)andperiodic.

l-s

the magnitudeofthemass-
changesarelarge(over

\

Theapparatusconnectionsareshowninfigure25(c).Whenthe
magnitudeofthemss-flowchangesisdesired,themeasuraentsare
takenwiththeapparatusconnectedas inthestudyof velocityprofiles
(fig.25(b)).Theosci~oscopetraceisphotographedandthenevaluated.

Fortnequantitativeevaluationofthemass-flowchanges,iiis
necessarytorecord(seeequation(F5))thevaluesofthebridgecurrent,
thebridgearmresistancevalues,thellcoldllresistance,theover-all.
gainofthesystemand,of course,a calibrationcurve.Thecalibration
curvesgivenwiththisreportcouldbe usedifa M percentaccuracy
weresufficient.Ifnot,thencalibrationcurveswouldhavetobe run
especiallyfortheparticularwiresandtestingapparatusinwhichthey
weretobe used.

An oscillo~amoftwohot-wiretracesresultingfromrotatingstall
ina compressorisshowninfiga”e27. Thetwosignalsarenotinphase,
as is clearlyseenfromthephotograph.Thetwoprobeswerelocatedin
thesameplaneinthecompressorbutwereseparatedbyananglewhichis
relatedto thephasedifferenceofthetwosignals.Thisisan indica-
tionthatthestallregionisrotatingaboutthecompressor.

NonperiodicPhenomena

Intensityofturbulence.- Theconstant-currenthot-tieanemometer
hasbeenusedfora numberofyearstomeasuretheintensityofturbu-
lence.Theequipmentdescribedinthisreporthasbeenusedformeasure-
mentsofthistype.Becauseofitsrelativelylargeinputnoiselevel
(approximately500microvolt),it isnotsouseful.inthiscaseasthe
moreconventionalconstant-cm?rentsystem.An effortisbeingmadeto
reducetheinputnoiselevel.

Themethcdofarrangingthe’apparatusneededforintensitymeaske-
mentsisindicatedinfigure25(d).Thesignalfromthehotwire(the
instantaneousbridgeunbalance)is leddirectlyto theaverage-square
computer.Thisinstrumentgivesa readingwhichisreadilyconvertible
to theintensityofturbulence.From.theequation(seeappendixF for
derivation).

A(pv) . 4 5

F F-(31%
(6)

—— ..— — — ————- —- —-
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ifthefluctuationsin~SS flowaresmallenoughthat

th&reresults

m= 4 43~ [()!eo -is
l-— w

–=’

(7)

where rA< isthereadingoftheaverage-squarecomputerand

d~tA= pV istheintensityofturbulence.

Spectrumofturbulence.- Itisoftendesirableto determinethe
distributionof energywithina testinstallationasa functionoffre- “
quency.Experience%s shownthatoftenlargeperiodicfluctuationsare
presentinthespectmmnwhicharecausedby ductlngresonanceandexhaust -
pulsationssuperimposedonthebasicisotropicturbulencepattern.To
determinethepresenceofthesepulsationsandthefrequencyassociated
withthemisa pra functionofthehot-wireanemometer.Thediagrams “
offigures25(e)and25(f)showtheconnectionstobe mde andthe
apparatustobe usedforthesemeasuraents.

Inthefirstmethoda variablelow-passelectronicfilteriSused
withthehot-wireanemometersndtheaverage-squarecomputer.As the
uppercut-offfrequencyofthefilterisincreased,readingsofthe
average-squarecomputerareobtainedwhichareproportionaltothecumu-
lativeenergyofthespectrumofturbulence.Thisspectrumcanbe inter-
pretedbythemethodofDryden(reference14).

Inthesecondmethoda variable-~equencyband-passwaveanalyzer
isusedwiththehot-@reanemometerto obtainreadingsproportionalto
theenergyofthespectrumina nsrrow(5cytles)‘bandoffrequencies.
Thismethodisparticularlyusefulifperiodicfluctuationsaresuper-
imposedontheisotropicturbulenceat certainfrequencies.

Scaleofturbulence.- Scalemeasurementsaremadeby eitheroftwo
methods:(a)Measurementofthecorrelationcoefficientby meansof
twohotwires,or (b)measurementof longitudinalscalefromthespectrum
ofturbulence.

Thedia.@moftheequipmentconnectionsforthetwo-wiremethodis
giveninfigure25(g).Theoutputsoftwohotwiresareconibinedas
indicatedinappendixG togivethecorrelationcoefficient.Twohot

.

.

— —



NACATN 2843 17

.

wiresaremountedparallelto each
Bymeansofprobeactuatormotors,

otherona specialprobe(fig.28).
thedistancebetweentheparallel

wirescanbe variedfromnearlyzeroto appro-tel.y2 inches.Each
wireiscontrolledby a constant-temperatmehot-wireanemometerampli-
fierandbridge.Theoutputsofthetwowires(theinstantaneousunbal-
ancesofthetwobridges),after‘beinginitiallyequalizedby meansof
thebridgeresistsaceadjustmentontheamplifier,arecotiinedby the
double-correlationcircuitto givethelateralcorrelationcoefficient.
To determinethecorrelationcoefficientfromthereaUngoftheratio
meter,useismadeoftheequation

(G7)

Thevalueof r isreadfromtheratiometerofthedo@le-cccrrektion
instrument.

Theprocedureformeasuringthelongitudinalscalefromthe
spectrummakesuseofequation(5)ifthecumulativeenergyspectrumis
avai~bleorequation(6)iftheenergyspectrumat discretefrequencies
hasbeendetermined.

Correctionstothemeasuredscalearenecesssryfortheeffectof
thefinitelengthofthewireunlessitsmagnitudeissomewhatgreater
thanthelengthofthewire. Schubauer(reference13)givesa method
formakingthiscorrection.

Empiricalrelationsbetweenthelateralandlongitudinalscalesand
theLagrangianscalecanbe used-to
thecompletescalemeasurement.

LewisFlightPropulsionLaboratory

obtainfromthesingle-wiremethod

NationalAdvisoryCommitteeforAeronautics
Cleveland,OhiojAugust12,1952

—-. ———-— —. ——. .—. .—



18 NACATN 2843

APPENDIX A

SYMBOLS

Thefollowingsyuibolsareusedinthisreport:

.A,B,C,D,E,Fconstants

d

e

z

e;

f(e)

I

i

7

K

k

L

2

M

Nu

n

Pr

P

R

a

Re

r

wire diameter

instantaneous

averagevalue

RA(R- ~)

voltage, E + Ae

ofvoltage

functionof e

current(direct-currentcomponent)

instantaneouscurrent

averagevalueofcurrent

calibrationconstant(gainofanemometer)

thermalconductivityofair

scaleofturbulence

lengthofwire

Machnmiber

Nusseltnuniber

frequency
c
Frsmdtlnumber

pressure

resistanceofhotwire

correlationcoefficient

Reynoldsnuuiber

readingofratiometerondo~le-correlationcomputer
.

.

——. .
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.

.

i?

,..

.

s

t

At

u

u

T~

v

w

x,y,z

a

P

P

p*a*

pv

g

Povo

a

8

Subscripts:

o

a

b

f

~

cross-sectionalareaofwire

temp~ature

-%-%

meanflowvelocity

velocityfluctuationcomponentinx-direction

rootmeansquareof u

velocityfluctuationcomponentiny-direction

velocityfluctuationcomponentin z-~ection

a right-liandCartesiancoordinatesystemwith x in
directionofstreamflow

temperaturecoefficientofresistance

coefficientofviscosityofair

densityofair

criticalmassflow

instantaneousmassflow,~ +A(pV)

massflowas determinedby ~ andcalibrationcurve

A2/B2

resistivityofwiremterial

referenceconditions

conditionsat a

conditio~atbridge

~+tr
valuecomputedatfilmtemperature,tf=—

2

conditionsofbridgegalvanometers

— —. —. .. ___ _ _
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Uppa cutofpoint

frequency

conditionsat,vacuum

recoveryconditions

Staticconditions

totalconditions

wire

laterald.irec+ion

longitudinal ~ction

.

tubeplate

.
.

. —.——
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APIZENDIXB

.

THEORYOFA~-SQUARE COMPUTER

Thecurrentfora multielectrodetubeas
thesketchmaybe representedby theequation

shownin

-+

--- 4

Ee2+F 2 ~~~ 3
1 ---

(Bl)

{Grids1 and2 arebiasednegativeto cathode,grid3 isheldpositive
at a fixedvalue,aid 4 isreturnedtothecathcde,andsubscripts
referto gridnu&&s.)

Theonlyalternating-currentcomponents=e Cel
componentofplatecurrentas readby a direct-current
is

.
~ = Dele2cos81-2+ F

.

and Ee2. The .
metertherefwe

(B2)

Whentwotubeswiththeirplates”connectedforpush-pullopmation
andtheirgridsphasedas indicatedinfigure9 areused,theplate
currentinthefirsttubewillbe

Ip,I.= Dele2cos0°+ F (B3)

andinthesecond,

~,2 = -(De1e2cos180°+ F) (B4)

and . .
.

%,1 + +p,2 ‘= %e2 Cos 00+ F “- %e2 Cos 180°- F = 2 %e2 (B’)

Resistance-capacitancenetworkintheoutputc cuitaveragesthis
. currentsothatthefinalmeterreadingis %2De1.

(B6)

———.. . —.—— —.—— —— --———— ——
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APIJImmxc

Ol?ERATIONllUYI!RUCTIONS

Constant-TemperatureHot-WireAnemometer

Thefollowingoperatinginstructionsapplytotheconstant-
temperaturehot-wireanemometershowninfigure1. Thebridge(fig.5)
isconnectedas showninfigure29. Beforethepowerswitchisturned :“

on,a checkshouldbemadethattheswitchescontrollingthegalvanom- N

eter,thegrids,andtheoutputareintheneutralor ‘fnoconnection’
position.

(1)Turnonthepowerswitchandwaitfortheunittowar’uup
(threepilotHghtsarelighted).

(2)Turnthebridgeresistancecontrolto zeroresistance.

(3) Turnthebridgecurrentcontrolstotheirminimumcurrent
setting.

(4)Setswitchesasfollows:

(a)galvanometerssensitivitytohigh

(b)~ids to input

(c)outputto “on”position

(5)Balancethebridge.

(a)Adjustthebridgecurrentcontrols(fineandcoarse)until
thebridgecumentmeterindicatesa smalJ-flowof current.The
galvanometersshouldshowanubalancecurrentgreaterthan
10microsmperes.

(b)Adjustthebridgeresistancecontrolslowlyandcarefully
(especiallyduringtheinitialturns)untilitsresistsmceisa
maxbmml.

(c)Adjustthefinecurrentcontrolforabridgeunbalance
currentofnotlessthan2 microampere,

Thehot-wireananometerisnowreadyforoperationanda mininnmof ‘
attentionisneededduringa run. Thebridgeu?ibalanceshouldbechecked
periodicallyduringtherun. Moreadjustmentswillberequiredduringthe
firstfewminutesofoperationwhentheamplifierhasnothadtimeto

.

warmupcompletely.

.
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.
Average-SquareComputer

. Theo~eratinginstructionsfortheaverage-squarecomputershown
infigwe 30areasfollows:

(1)
theunit
..

(2)
I

,!
(3)

(4)

(5)

Turnonthepowerswitchandwaitapproximately1 minutefor
tolwu’mup.

Turnthezeroadjustcontrolto settheoutputmeterto zero.

Settherangeselectorswitchto leastgain(X1O,OOO).

Connecta signalto theinputterminal.

Rotatetherangeselectcwswitchuntila readinglessthan
one-tenthoffullscaleisobtained.

(6)Pushthe“press-to-read”switchtoobtaintheoutputmeter
reading.

. Theoutputmeterreadingismultipliedby therangeselectorvalue
andrefa’redtofigure
inputsignal.

12todeterminetheroot-mean-s@arevalueofthe

Auxi13aryCurrentSupply

Theauxiliarycurrentsupplyshowninfigures13and31 is
operatedasfolJmws:

(1)Connecttheoutputoftheanemcnnetertotheinputofthe
auxiliarycurrentsupply.

(2) Connecttheoutputoftheauxiliarycurrentsup@_ytothe
bridgeinput.

(3)Puttheanemometerintooperationh theusualmannerexcept
forthepartonadjustingthebridgeresistancecontrol.

(4)Adjustthebridgeresistxmcecontrollmtilthebridgecurrent
isapproximatelytwo-thirdsofthemaximumcurrentavailable.

(5)Adjustthecoarsecurrentcontrolontheauxiliarysupplyuntil
thebridgecurrentsup@iedbytheanemometerisreducedtoa~roximately
one-thirdofthemaximumcurrentavailable.

(6)Repeatsteps4 and5 untilthebridgeresistancecontrolisat
itsmaxhlumvalue.
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.

(7)Adjustthefinecurrentcontrolontheauxiliarycurrent
supplyuntiltheanemometerbridgecurrentisapproximatelyonehalfof
themxhum availablecurrentsupply..

.

(8)Continuewithanemometeradjustments,step(7c).

Forshutdown,removethewirefromtheanemometerheatingcircuit
in the usual way&d red!ucetheauxiliarycurrent
currentcontrol.

Dotile-Correla.tionComputer

Thedotile-correlationcomputeroffigure32

to zerowit~thecoarse
sN

isopmted asfollows: .

(1)Placethetwohot@es whosesignalsaretobe correlatedin
closeproxhityintheairstream.

(2)Adjwt thebridgeresistancecontrolontheanemometerwiththe ,
largestoutputsignaluntilthetwo
onaverage-squarecomputers.

(3)Connectthetwoanemmeter
relationinstrument.\

(4)Connectcablesbetweenthe

anemometeroutputsareequalasread

outputsto theinputsofthecor-

dotile-correlationinstrumentandho
average-squarecomputersas showninfigure33.

(5)Adjusttheaverage-squarecomputersintheusualway.

Thereadingoftheratiometermaybe usedin equation(G7)to
obtainthecorrelationcoefficient.

——— —
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APPENDIXD

CMJ33RATIONOFELECTRONICEQUIPMENT

25

Ifthevoltageoutputfromthebridgeistobe determinedwhile
operating,itisnecessaryto det&rminethegainoftheover-all
instrumentationfrombridgetofhal recorderoroscilloscope.An audio
signalgeneratormay~beusedto injecta signalintothesystemat the
bridgeinput.Theamplitudeoftheinputsignalshouldbeadjustedto
givea normalreadingontherecorder(1or2 in.).Theinputsignal
shouldnowbe readwitha vacuumthe voltmeter.Theover-allsensi-
tivitymaybe determinedlydividingtheinputsignalbytheoutput
deflection.Thisquotientgivesthevoltagerequiredattheinputto
give1 inchdeflectionat theoutput.Of course,thiscalibration
wouldchangeforeverysettingoftherecordergaficontrolorif
otherelementswereintroduced,suchasfiltersordecadeamplifiers.
Ifthedataarephoto&aphed,itisalsonecessarytoknowthemagnifi-
cationfactorforthecameraas used.

‘,

—.— - —. —
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APPENDIXE

the

REDUCTIONOFDATA

MeanFlowCalibration

Twotypesofmeanflowcalibrationcurvehaveprovedusefuland
methodofobtainingeachwillbe presented.Theseare:

(2)A graphof I?~/Pr~”3 againstFe

Theftistoftheseisthetypeofcalibrationneededtoreduce
fluctuationdatafromvoltagefluctuationstomass-flowfluctuations.
Inthiscase,sincethecalibrationconditionsareasnearlyidentical
tothetestconditionsaspossible,no correctionsaremadeforlossof
heatby thewirethroughconductiontotheprongs.Theessentialdata’
required

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

For

inthiscalibrationarethefollowing-.

Thewirecurrentorthebridgecurrent(withno@ flow;with
flow) 0

Theoperatingresistanceofthetie

The“cold”resistanceofthewire(by“cold”resistanceis
meanttheresistanceoftheunheatedwireat somelmown
temp~atwe ~)

The

The

The

The

Machnumiber(tobeheldconstant)

totalpressureintheplenumchamber

totaltemperatureintheplenumchaniber

dynamicpressure(totalpressureminusstaticpressure)
reqtiedtokeeptheMachnuniber

Thebridgeunbalancecment

a constantlkchnunberithasbeen
WC W=ssmes correspondingto a series

constant

foundconvenientto setthe
oftotalpressuresthatare

i!
N

.

—— ——.—. . — — —-— —-.—..
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perfect squares(in any units whatsoever)anddeterminethe “ e current
necessarytobalancethebridgeat eachsetting.A plotofT against

@t s~tidrestittiastiaightline (ap??ro-te~)andservesasa
roughcheckonthefinalcalibration.Fromthisdatait ispossibleto
calculatetheheatlossafrmnthewireandthemassflowpastthewire.
Forexample,atypicalsetofdatatakenwiththeconstant-temperature
hot-wireanemometercanbe evaluatedasfollows.‘Thedata=e

Bridgecurrent~b

Bridgeunbalancecurrent~g

operatingresistancesofbridgeRl,R3,and R4 -

“Cold”resistance~,a

MachnuniberM

Totalpressurept

Dynamicpressure pt - PS
.

Totaltemp=ature~

Useismadeofthefollowingrelationsto calculatetheoperating
resistanceofthewireandthewirecurrent:

(Rl+ R3)(R4~b+ ‘gzg) - R4
%= R3~b- (Rg+ RI + R3)~g

R3 + R4
%= YbR1+~+R3+. R4

(El)

(E2)

* * forvariousMachnumbersaregiveninref-Thevaluesof pV/@a
erence17andhence pV canbe calculated.Thesecalculationsgivethe
coordinatesofpointsofthecalibrationcurve.

\
Ifthemoregeneralcalibrationcurveinvolv@gnondimensional

parametersisdesired,itisnecessaryto continue
Reynoldsnunibercanbe obtainedfromthemassflow
equation

pVdRe=—
v

thecalculations.The
by meansofthe

(E3)

.. . . . —— — -—— .—. ——— ~— ————....—..._
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Thevalueof p (theviscosityofair)isobtainedfromtablesofthe
NationalBureauofSlxuilardE(reference18)whichgivethevaluesofthe
viscosityasa functionoftemperature.Thetemperatureusedinthis
relortisthefilmtemperaturedefinedinappendixA. Otherobservers,
however,haveusedthetotaltemperatureas thedesiredtemperaturefor
evaluatingtheviscosity.

TheNusseltnwibercm be calculatedhy meansoftheequation

Nu= -%% -%%?
ytkl(~ - tr)= fik7AT (E4)

Thevalueof k (thethernmlconductivityofair)isobtainedfrom
tablesofreference19andthetemperatureusedisthefilmtemperature
as isthecasefortheviscosity.Thelengthofthewire Z isthe
lengthoftheunplatedsectionof,thetungstenwireandismeasuredby
a measuringmicroscopeatthetimethewireismounted.Thetemperature
ofthewireis calculatedasfollows:

, %,a = R.[1 + a(ta- 32°fl

~=~[l+a(~-320~ (E5)

(~ -~,a)(l - 3ti)+ ~ ‘~
%=

‘%)a

Now, sinceAt = ~ - tr ‘and ~ canbe obtainedfromtemperature
recoverydata(see,forexample,reference7,fig.18), theNusseltnum-
bercanbe readilycalculated.H theNusseltnumbersaretobe cor-
rectedforend-losseffects,thecalculationisan involvedonegivenin
reference7 orisa somewhatsimplermethodfoundinreference12,
whichgivescomparableendcorrections. ,

Inmostofthemeasurementsoffluctuationsin~ss flow,end-loss
correctionsareunnecessarybecausethecalibrationanduseconditions
ofthewiresareessentiald_ythesameand-thefluctuationsareexpressed
inparameterswhichareunaffectedby theendlosses.

J
Fluctuationcalibration.- Inmanyofthesituationsmetinmeasure-

mentsoffluctuatingflows,therecordconsistsofa photographofan
oscilloscopetrace.Thedirectproblemthusbecomesa transformationof
thevoltagefluctuationsasa functionoft3meintoa mass-flowfluctua-
tionwithrespecttotime.Themequireddatainthiscasearethesame
as outlinedplusthephotographofthetraceonthecathode-raytube.

—-
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An exampleofsucha traceisgiveninfigure26. InordertoI
evaluatethistracesomeadditionalinformationisdesirable.A mean.
flowlinearoundwhichthefluctuationstakeplaceandthemagnification
factorsofthecameraandenlargerareessentialifquantitativeresults
aredestied.Themeanflowlinecanusuallybe obtainedonthefaceof
theoscilloscopeby reducingthegainenoughtogivea meanlinetrace.
A secondandgenerallymoresatisfactorywayisillustratedby fig-
ure26(b). Inthisfigurethemeanflowlinehasbeenobtainedby find-

N ingtheareabetweenthecurveanda horizontallinethroughthelowest

8
ordinateonthecurve.ThemeanMe isdrawnat a distanceabovethis
horizontallineequalinunitsto theareaunderthecurvedividedby
thetimeelapsedfortherecord.

WhenthismeanflowMne hasbeenobtainedthevaluesof A% can
be measuredaboveorbelowthislineandcanbe stistittiedinequa-
tion(F5)or (F7), dependingonwhetherthevaluesof ~ sresmallor

! large,respectively,comparedwiththevalueofthevoltagecorrespond-
ingtothemeanflow,to givethemass-flowfluctuations.

.

Theevaluationofthe,oscillogramshowninfigure25(a),which
representsthemass-flowprofilebetweenadjacentbladewakesofa
48-inchcompressor1/2inchbeyondtheimpellertipmeasuredata sta-
tion0.1inchfromtherear&Lffuserwall,is obtainedasfollows.The
dataare ,

Bridgecurrent(withno flow)~b,o .

Bridgeunbalancecurrent~g

OperatingresistancesofbridgeRI,R3,and R4

“Cold”resistmceofwire ~,a

Bridgecurrent(withflow)~b

Machntier M

Over-allgain ofhot-wireequipmentK (seeappendixD)

Thewirecurrent~W andtheactual”wireresistance~ arecal-
culatedas explainedforthemeanflowcalibration.To calculatethe
Nusseltntier,itisnecessarytofindthewiretemperature,thefilm
temperature,and,fhald.y,thetemperaturedifferencebetweenthewire
andtheairstream.

Withthisvalue~oftheNusseltnumber,the&andtlnunbercalculated
atthefilmtemperature,andthecalibrationcurvegivenwiththisreport
(seefig.34),theReynoldsnuuibercorrespondingtotheflowcanbe

— ——— ....—
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.
calculated.Figure34givesaveragecalibrationcurvesofa hotwireof
z/d= 400withendcorrections.Obtainingthemassflowfromthe
$eynoldsnumber

Now,M

isan easycalculation. ,

R3 +R4
%,0 = ‘b,ORI + Rw + R3 + R4

and

arecalculated,
fluctuationsby

it ispo6sibleto obtainthevalueofthemass-fluw
useofequation(F5)or (F7).

.
●

.

—— . — .--—
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.

DERIVATIONOFEQUATIONFORINTENSITY

The~ equation(reference20)describestherelationbetweenthe
heatgeneratedina hotwireandtheheatlostby forcedconvectionto
theairstreaminwhichthewireisplaced.Thisequation(derived
ignoring theMachnumber)

isrewrittenas

fromwhich
.

.

4+%
%@w,a=A+ B@,

i~Qbtained.Since pV= f(e),.

After

f(~++) - f(q
f(–5.)

(Fl)

(F2)

2
(F3)

(F4)

f(Fw+AeJ- f(=w)
simplificationandstistitutionof A(pV)/p~for ,—. J

thisequationbecomes

+

f(q

(F5)

——-— ——.
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Thisexpressionreducesto
of Ae canbe rieglected:

or

\

o

NACA‘IN2843

A

thefollowingwhensecondandhigherpowers

A(pV)_ 1 Aev

[()]
()
4=

~ eo2
1-= %?

%

.

(F6)

(F7)

.

/

-. — ——.-——
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APPEND3XG

.

MEASUREMENTOFCORRELMCIONCOEFFICIENTANDSCAIX

OFTURBULENCEBY TWO-WIREMETHOD

Let ~, ~ and ~,~ be thevoltagesignalsfromtwoparallelhot
wiresseparatedby a distancey inanairstreamwherethevelocity
fluctuationsare U1 and U2: Ifthesevoltagesignalsarecotiined
by additionandsubtractionto obtain(~,1 + ~,2) ad (~,1 - ~,2)
andtheseresultsarefedintotwoaverage-squarecomputers,there— —

result(~,r,l- eW,2)2~ (%,1 + e.#”
addedandsubtracted,theresultis

(%,1- ew,2)2+

,.

%)1+ew,2)2=
- L%@ + %,2)2

#1

Ifthesereadingsarenow

——
~e2
w,1 + 2e2w,2

= 2%,1%,2

(Gl)

(G2)

(ew,l- ew,2)2 - (ew,l + ewjJ2=
(WJ - %,2)2+(~,~ +e@)2

2ew, lew, 2 (G3)——

<,1 + %,2

Butiftheturbulenceisuniformlydistributed
averagesquareofthefluctuationsisthesame
carefullymatchedasto output,

(~,z- @2 - (RJ +e.@)2
(ew,1 - ew,2)2+ (~,1 +ew,2)2

(R,1 +e’@
1-

andisotropic so that the
andifthehotwiresare

%?, 1%, 2
s

z~ (G4)

‘%i,1%,2
~
w

,’.

.

(G5)

——— -...——— . .. —____ _______ .
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.

1 -r
l+r

Sincethecorrelationcoefficientisdefinedby
ofthisequation,

afy=&+
Thescaleofhomogeneousturbulenceisthen
givenpreviously.
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MATERIALSRATEDACCORDINGTO SOMEDESIRABLIZ

PHYSICAL~o~m ANDAVAIIAB~TY

— —

MaterialTemperature
coeffici“ent
ofresistance

Tensile
strength

Ability
toresist
oxidation

Time
constant

Availability

1Tungsten I 2 4 1 1

Platinum I 3 4 1 3 2

Nickel 1 3 4 4

Es4__L
TABLEn - COMPARISONOFWIREDIAMETERSOBTAINEDBY THREE

2 2 32
.

,
D~ METHODS

Di:
Measuredby
methodA1

0.0002(1+0.10)

.00013(M.lo)

---------------

---------------

.00083(H0.02)

.ool(l.+o.02)

meter
Measuredby
methodB2

0.000248(1+0.02)

----------------

0.000181(M.02)

Measuredby
methodC3

!TOminal

Tungsten ). 0002

. OOOIZ5

.00014

------- ------- -

---------------.

------------- --

Platinum-
tiiaium
(80p=cent
platinum)

.0004

.0008

------- ------- -

0.00085 (M0.05)

.ool15(Mo.05)

------ ------ ----

------------ ----

.001 ------ ------ ----

‘Calculatedfrm.resistanceofa measuredlength.
2Measurementofa dismeterfrm electronmicro~aph.
%leasuringmicroscope. .

0

.—— ——. .—
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.

Probe

TABLE III- CCMl?ARABILITYOFHOT-WIREANEMOMETERPROBES

.

125

129

130

130b

130C

125b

127

125C

RO (Q)
before
calibration

6.564

6.420

6.473

“6.427

6.463

6.192

6.465

6.192

%)(Q)
after
calibration

6.750

6.567

6.593

6.463

6.463

6.192

6.571

6.192

Changea ‘
(percent)

2.8

2.2

1.8

.5

0

0

1.6

0
“

%ue toan initialannealingduringthefirstfewminutes
afteroperation;s~sequentrunsfiththesamewireshowno
furtherchange.
%?robedestroyedandrewired.
%lerun.

f

.
—..-—.———. ___ ——— —- — —.. ____



u

38

.

—-— . ,,



39

,.

s
(I3
(u

.

,)’‘-;“----‘- b----—-
LL~ — ‘-”’--zz”-

I
I

I L“ ~Bri& c~~~~t,
Y fineadjutment a

Bridgecurrent,
coaraead;uatment’

~.
!

‘i

i’

Q-n

-— ,

=s=
G23117

Figure1.- Constant-teqemtmhot-wireanemmeteramplifier.

..-— –—— —-— .— -
--—.. .—



40

0.11.Lf,600V #

Galvancmeter
20-o-2olla 3K,;w

@

‘––=–––m=9191~

=;!_=
“f *1 ‘ _

~-
1[

~,~}T so;’

Anticapacity
switchee

I

&%T-c
sow?

6A07

+105V ‘9 +’5.4 ~
7G7 275K,I.W P

oN RIII b=====+..-.==*=z+=*+–--*

IJ 3 I 1 F=F-z==*=====* ?==4==$

O.l@, 600V

@

.

.

— —



. .. .-. . ., . . ,..

v

... . . ..

2640 ● P E

●

I &o 40K,la’1R35.
15K,1(JW v+150V lSK, low I

*8
mm ;

=-7

q
PG

-165v

I

I

Aza ---,1 .W -

,, \ -lc G’lr -

-246VYX ‘“ -2’8V JL...2 m
“, A
Fj

I
-163 v ~

30
R

! .4: m
‘n

w /
\$... -165V l-’

.71?ZTT“-’” I R462,1Wpj

-@

.. .
55 4

EOOQ $1
Ill
II

l,lw ‘ ,

v

i 7-30C -1I,1

I ‘--’–”1ill
Ii
!1

9Z%P’+” p J--&&_____ ~= -- —______ ______ -i-i-— — _____________
w

.

I

I

. .
m 6



I
I

10

.

1- -t

, I 11 , I , , I I ,11 , I I ,1111+1 1111/118 I
UI 1 Ill

I I 1111 I I I I I1111 I I I I

1111I I I I11111 I I I I1111:

I I I 111111 I I I 1111

Freqwlcy, apa
.

Figure 3. - Ed.-Lb-e —tar E@Mier mspmm.

A-a mnpmso nrmsm-ta D-c re-e ruamr.mrmnta

In@ O,cmv
Efterld.lcaa Rm

Input O.wmiv
Extar~ lfxd

=Cyq: -
ml

O@utcurrent
Onew sti~> - (oeel)

mut circuit ~ M foraa maa3uwrar&s
Eigcml between other Output voltage wt O algal
pill ad Iyu.ld

4.36P
_ VOltW at O.WIV B@MI. 3.84v
D+ gain 52Q

.

.“

> oti9z



I

I

I

I

I

,. ,.

2640 ,f

I Iw
m I I I I I IIII \ I I I I I Ill

wire -. . .. —.-

-30

. m.gluw4. - Thewetioml rrequenoy reap0n8e.

*
CA



44 NACATN 2843

t. 1v Iiot-wireyooe

F@re 5.- Eot-wirebridge.
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[a) Smmle A;etchedtiungsten;ncmlnaldlemeker,0.0002tich;aotualdiameter,..- -
0.000248inch;X5064.

(b)SampleB;etohedtungaten;nomhaldlameter,0.0002Inch;actual
0.000199inch;X5450.

!-

.

57

diameter,

u

(c)ElampleC; etohedtungsten;ncminaldlameter,0.00014Inch;actualdiaJneter,—

Figure18.-

:_

0.0@3181.inch;X5420.

Eleotronmlorographsofetohedtungst-enwiremppliedby twomnufaoturers.
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(a) Osoillogram.

Figure 26.- Velooityprofilesfrom48-~h oentrlfugalompressor.
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